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Abstract

Electric field calculations and ionization signal simulations in a liquid xenon detector for
Positron Emission Tomography have been performed. The electric field was calculated using
Opera 3D, a Finite Element Method application software. The uniformity of the electric field
inside of the detector was evaluated by calculating the deviation of drifting electrons under
the applied electric field. The ionization signals of the detector have been simulated. The

comparison between simulation results and measurement signals was made.
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Chapter 1: Introduction

In modern medical research and clinical diagnosis, knowledge of anatomical information is
not enough for understanding and diagnosing diseases. Functional information, which
represents the metabolic activities in vivo, plays a more and more essential role to reveal
biological processes and related pathologies. Therefore, Positron Emission Tomography
(PET), as a functional scanning technique, has attracted more and more attention in recent
years. PET technology has also been improving by employing new detector materials and
techniques. However, the image quality of conventional PET is still limited in spatial
resolution and signal-to-noise ratio. The liquid xenon (LXe) PET project is aiming to develop
a new type of PET detector with better spatial resolution, sensitivity, and signal-to-noise ratio.
This thesis will introduce the current challenges in PET imaging, and the potential LXe has
for improving the performance of current PET system as a well-known vy ray detection
medium. In the next chapters, the calculation results of electric field inside a LXe PET
detector prototype will be described. A method for simulating signals of ionization electron

clouds in the detector will be presented.



1.1 Positron Emission Tomography

Positron Emission Tomography (PET) is widely used for diagnosing early stage cancer in
hospitals nowadays. PET is also an advanced and powerful tool for the research of
cardiovascular and nervous system diseases such as coronary heart disease and Parkinsonism
(1) (2), as its unique capability of mapping the metabolic activity in heart and brain.

To conduct a PET scan, a short-lived radioisotope, which is chemically combined with a
biologically active molecule, is injected into the cardiovascular system of a patient. This
radioactive tracer is absorbed by various organs and tissues depending on their individual
metabolic level. The most common tracer in clinical use is fluorodeoxyglucose (FDG), a
combination of ®F and glucose. Its half life is about 110 minutes. The radioisotope
undergoes positron emission decay in organs or tissues, emitting a positron. Electron—
positron annihilation occurs when the positron interacts with an electron, producing a pair of
back to back 511 keV vy rays. When the y rays reach a typical PET detector consisting of a
dense inorganic scintillating crystal like LSO (3) segmented for obtaining spatial resolution,
a burst of scintillation photons is generated and detected by photon detection devices such as
a photomultiplier or avalanche photodiode. The detection and localization of the two back to
back vy rays in coincidence forms a line of response, or LOR. The source of the annihilation is
located at a certain point along this LOR. A large data set of LORs is used for reconstructing
a PET image which describes the distribution of radioactive tracers in the patients’ body. In
modern clinical application, PET usually functions in combination with x-ray computed
tomography (CT), providing precise anatomic localization and functional imaging, which has

already revolutionized many fields of medical diagnosis (4).
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Figure 1 Typical PET system. A ring of detectors record single y-ray events. When single events occur

within a short time window, they are considered in coincidence and saved as a coincident event (5).

1.2 Challenges of PET

1.2.1  Spatial Resolution

The goal of PET is to generate images of the distribution of radioactive tracer in the patient’s
body. The spatial resolution of PET imaging is limited by three factors. The first factor is
positron range. Before electron-positron annihilation occurs, positrons travel a short distance
in human tissue, which limit the localization of the source. For ®F, the positron range in
water is 1.2 mm (6). Second, the motion of the electron immediately prior to annihilation
causes an angular uncertainty in the direction of the 511-keV photons that is approximately 4
mrad (0.23 from exact collinearity (6)(7). And for a detector ring with a typical diameter 80
cm, resolution loss due to non-collinearity of annihilation y rays is 1.7 mm (6). Positron
range and non-collinearity are intrinsic physical limitations of PET giving maximum
requirements on spatial resolution of reconstructed images (8). The third significant factor is

the intrinsic spatial resolution of the PET detector, typically 2-5 mm (9). The resolution of a



single detector is quantified by the full width at half-maximum (FWHM) of the position
distribution obtained by placing a collimated point source in front of the detector at a fixed
distance. In order to achieve better intrinsic spatial resolution, scintillation crystals used in
conventional PET should be segmented into smaller sizes, since the point spread function
(PSF) for a single detector is similar to a step function with a total width equal to the size of
crystals. However, it should also be noted that the crystal size should not be too small
because of surface imperfection worsens the sensitivity and energy resolution of the system.
Some typical spatial resolutions of current PET scanners from different manufacturers are
given in Table 1, including Discovery ST of GE (10), ECAT ACCEL of CTI-Siemez (11),
Gemini TF of Philips (12). Some other small animal scanners have resolution less than 2mm

at the center of the field of view (13)(14).

Discovery ST ECAT ACCEL Gemini TF
(GE) ( CTI-Siemenz ) ( Philips)
Transaxial Resolution
FWHM (mm) at 1cm 6.7 6.2 4.8
FWHM (mm) at 10 cm 7.9 7.2 5.2
Axial Resolution

FWHM (mm) at 1cm 6.7 5.7 4.8
FWHM (mm) at 10 cm 7.6 6.7 5.2

Table 1 Spatial resolution performance of conventional PET systems in clinical use.

1.2.2  Signal to Noise Ratio
A major challenge is to reduce the noise in PET images. A significant source of noise in PET
images comes from inclusion of incorrect coincidence events. There are three types of

coincidence events in PET, which are detected by two detectors within the time window




(usually in the magnitude of nanoseconds): true coincidences, scattered coincidences, and
random coincidences. In true coincidences, gamma rays from one positron-electron
annihilation form a LOR without any scatter in the patient. In scattered coincidences, one or
both gamma rays scatter within the patient, which is the significant source of noise in PET
image. Random coincidence results from the detection of gamma rays from different
annihilation events which are close enough in time to satisfy the coincidence requirement.
Figure 2 illustrates three kinds of coincidence events for PET imaging. The true coincidence
and scatter coincidence rate are related linearly to the activity of radioisotope in the patient.
The random coincidence rate increases as the square of the activity in the patient, and
becomes dominant at higher activity levels. Our goal in PET imaging is to measure and
accurately reconstruct the distribution from true coincidences while minimizing the scattered

and random coincidences.

« Annihilation event
— Gammaray
—————— Assigned LOR

Scattered Coincidence Random Coeincidence TrueCoincidence

Figure 2 Three types of coincidence measured in PET system: true coincidence, random coincidence

and scattered coincidence (6).



Another limitation in imaging is referred to as parallax error, which results from the
uncertainty of depth of interaction (DOI) of the 511 keV vy rays. In conventional PET
detectors, the y rays travel unknown distances in the detection medium before being
completely absorbed. Then, if the gamma rays enter the crystal at an oblique angle, the
crystal of the interaction may not be the same as the one first entered (See Figure 3). Thus,
unless the DOI within a crystal can be accurately determined, an incorrect LOR will be

assigned to the interaction causing blurring.

Detectorring

\

Line of response

" Annihilation event

Figure 3 Parallax error. The y ray interacts in a crystal which is not the first one it entered with. An

incorrect LOR will be assigned to this interaction (6).

In order to reduce noise and increase the detected true coincidence events in PET, a number
of approaches have been explored. One method for increasing true coincidence events is to

increase activity of radioisotope. However, this method has been proved to be not practical,



since the random coincidence rate increases much faster than the true and scatter coincidence
rates at higher radioisotope activity. Moreover, higher activity of radioisotope would result in
higher radiation exposure to patients. Therefore, researchers are always looking for better
scintillation materials with higher stopping power and faster response to build more sensitive
detectors with shorter coincidence time window. Another approach is to use more of the
energy spectrum to accept events with energy less than the photopeak. When low energy y
rays interact with matter it generates energetic electrons via three primary processes:
photoelectric absorption, Compton scattering, and pair production. Generally, the majority of
511keV v rays will scatter in the scintillator rather than be photoabsorbed. The photoelectric
efficiencies of BGO, LSO, and Nal for 511 keV vy rays are 41%, 33%, and 18%, respectively
(6). A lower energy window will capture those events with energies in the Compton region,
which increase the number of scattered coincidences. Therefore, PET detectors with better
energy resolution are able to decrease the contribution of scatter events and increases the
number of true coincidence events. In an addition, the method of using Time of Flight in the
image reconstruction algorithm has proved to be able to reduce the noise variance. Using
Time of Flight information in reconstruction can constrain the positron position in a short
line segment (7.5 cm for 500 ps time resolution); this technique was developed in the 1980s
(15). This method became more promising in 2000s with the advent of new scintillation
materials such as LSO. In (16), it has been shown that using time-of-flight (TOF) in the
reconstruction algorithm can reduce the noise variance by a factor of 5 with 500 ps FWHM
coincidence timing resolution in LSO-based PET detectors. In order to eliminate the parallax
error in conventional scintillation PET, multiple layers of scintillation crystals were used for

getting the depth of interaction (DOI) information must. Two layers or even four layers of



scintillation crystals DOl PET detectors were built for obtaining a sufficient positioning
performance in (17)(18). However, this approach also increases the total cost of the system

substantially.

1.3 Introduction to Liquid Xenon PET

LXe has been considered as a promising working medium for a PET since the 1970s (19)
(20). Since the cross section of interactions of y rays strongly depends on the density and
atomic number of the detection medium, the 511 keV v rays interact efficiently in LXe,
because of the relatively high density (3.1 g/cm®) and high atomic number (54) of LXe. LXe
has exceptional characteristics as a scintillator: fast scintillation and large photon yield. The
scintillation decay of LXe has two components: a slow decay of approximately 27 ns, and a
fast decay of approximately 2.2 ns. The intensity ratio of the fast component to the slow
components is 0.05 (21). The photon yield is 6.8 x10* photons/MeV at zero electric field with
emission in the UV region (A = 178 nm). In addition, compared to crystal scintillators, a
unique and important feature of LXe is the production of ionization electrons, which can be
detected under application of an electric field. The average energy per ion-pair (W = 15.6 eV)
is relatively low. Table 2 lists some important physical properties of LXe. The proposed LXe
PET detector discussed below attempts to take advantage of both the light and the charge

signals for the detection of 511 keV annihilation photons.



LXe

Atomic Number Z 54
Atomic Weight A 131.3
Density (g/cc) 3.1
Melting Point Tr, (K) 161.4
Boiling Point Ty, (K) 165.1
Critical Temperature T, (K) 289.7
Critical Pressure P (atm) 57.64
Fano Factordfc 0.041
Drift Velocity (mm/usec) @1 kV/cm 2.2
Radiation Length(cm) 2.77
(dE/dx)(MeV/cm) 3.89
W-value(eV) (scintillation) @ 0 kV/cm 14.7
W-value(eV) (ionization) 15.6
Wavelength of Scintillation Light (nm) 175
Decay const.

fast(ns) 2.2

slow(ns) 27
Dielectric constant 1.95

Table 2 Physical properties of LXe (22).

The concept of LXe PET consists of a ring of twelve trapezoidal chambers filled with
liguid xenon (24). Scintillation light is collected by large-area avalanche photodioes
(LAAPD). There are 48 APDs in total for a single detector, arranged on opposing sides of the
chamber (each side has 24 APDs). The fast decay time allows LXe to achieve < 1ns time
resolution, which can reduce the random coincidences. Charge measurement is achieved

using a time projection chamber (TPC) (23).



Figure 4 Conceptual LXe PET with twelve trapezoidal chambers (23).

lonization electrons drift under an electric field applied between the cathode and the anode
of the TPC. The anode module consists of a shielding grid, 96 induction wires and an anode
which is segmented into 96 strips. The anode strips are perpendicular to the induction wires.
The amplitudes of induced wire signals and collected strip signals depend on the X-Y
distance of the electron cloud from individual wires and strips. Then, the coordinate of the
electron cloud is determined by weighting the size of the signals induced on two wires and
two strips, which gives precise X-Y coordinates of the interaction of the event inside the
sensitive volume. The third coordinate Z is obtained by measuring the electron drift time.
The scintillation light measured by the APDs provides the trigger both for readout of charge
signals and coincidence measurements and it is used for fast localization of the position of
the interaction at high rate. lonization electrons drifting at approximately 2 mm/us can take

up to about 60us to reach the anode plane, starting from the cathode. Hence, when the

10



interaction rate is larger than about 100 kHz, the location of the interaction must be

reconstructed with the light with a precision of about 1cm in order to ensure proper matching

between scintillation and ionization signals (24). A LXe PET detector prototype has been

built in 2008 as shown in Figure 6.

7’ Anode Strips

——— |nduction wires

Frisch grid

Figure 5 The schematic of TPC. lonization electrons are drifted under an applied electric field. An

array of induction wires and segmented anode provides two -dimensional positions of interactions with

sub-millimeter precision (21).
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Figure 6 LXe PET sector prototype mounted on a flange (21).

The potential performance in terms of efficiency and image quality of a LXe PET
compared to a crystal based system has been shown in simulations (24). The energy
resolution was improved significantly by combining the information from light and charge
using the anti-correlation of the two signals (24). The energy resolution measured from the
combined spectrum can reach 4-7.5% FWHM, which is much better than 20-25% FWHM
typical of conventional PET (25). Sub-millimeter (0.8mm) resolution of interaction location
in 3 dimensions is another significant advantage over conventional PET both in terms of
resolution and the ability to identify the exact location of interactions within the detector.
Moreover, higher sensitivity can be achieved because of the large active volume of detection.
Since every energy-depositing interaction is precisely recorded, Compton scattering can be
reconstructed giving information on the direction of each incoming photon allowing

suppression of random and scatter coincidences prior to reaching the detector (23).
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Chapter 2: Electric Field Calculation

The accuracy of the position measurement of photon interactions largely depends on the
uniformity of the electric field inside of the LXe TPC chamber. The electric field was
calculated in Opera 3D (26), a Finite Element Analysis program, and the uniformity of the
electric field was analyzed with ROOT (27). The core part of Opera 3D for the electrical
field calculation is TOSCA. TOSCA computes magnetostatic and electrostatic fields in three
dimensions, which is renowned for its accuracy of computation and has been proved by
many years of industrial uses. ROOT is an object-oriented program and library developed at
CERN. As a powerful data analysis framework, ROOT is widely used in many research facilities.

In this work, ROOT is mainly for histogramming and graphing.
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2.1 Purpose and Model Design

Information provided by the scintillation photons and ionization electrons can be used to
locate the 3-dimensional position of interaction events within the LXe detector. Precise
position allows an accurate LOR between two coincident events in a detector ring.
Approximately 23000 ionization electrons are generated if the energy of a 511 keV vy ray is
totally deposited in LXe detection medium for a typical electric field of 1 keVV/cm. When the
electric field is applied across the cathode and anode in the TPC, the electrons are drifted
towards the anode. The induction wires and anode strips array detects the X-Y positions of
these electrons. Assuming that the electric field is uniform in the X and Y direction, the X-Y
position on the array is the same X-Y position where the electron was initially ionized. With
constant and uniform field, Z position can be calculated by:

z = (t-to) - vg

where t is the time when ionization signals are detected on anode strips, and to is the time
when APDs are triggered by the scintillation light. vq = (approximately) 2 mm/us is the drift
velocity, which is shown as function of electric field in Figure 7. Therefore, the uniformity of
electric field is essential for 3-dimenstional position measurements of the interaction events

in a LXe detector.
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Figure 7 Drift velocity as a function of electric field (28).

A sector model for electric field calculations was built in Opera 3D. The important
components in this model are the cathode plane, anode plane and field cage. In the LXe TPC,
the anode module consists of 96 anode strips, 96 induction wires and a Frisch grid (29). Since
this simulation is to calculate the electric field in the drift region, the anode module was
simplified as an anode plane, and the anode strips, induction wires and grid were not
modeled in the simulation. Both of the cathode and anode are single plates with 0.05mm
thickness. The field cage in the sector consists of a series of 64 strips or 64 wires along the
inside walls of the sector. The wires are in the planes of the APDs and strips are on the faces
of the sector perpendicular to the APDs. Field cage strips are 0.05 mm thick, 0.75mm wide
with a pitch of 1.77 mm while field cage wires have a dia. of 0.025 mm. The configuration of
the sector is shown in Figure 8. The potential difference applied between the cathode and the
anode used to perform electric field calculations is 20 kV. The anode plate is grounded, while

the cathode plate is biased at -20 kV. The drift length of the sector is 11.3cm, so the expected

15



electric field in the drift region was 1770 V/cm. Each strip or wire in the field cage is biased
so that it increases incrementally in potential from -20 kV at the cathode to 0 kV at the anode
with constant increments, providing a uniform electric field in the drift region. The equation
for calculating the potentials on the field cage strips is described as below (30):

—20kV* (D —y)
D

Vs'crip (Y) =

where Veyip (Y) IS the potential on field cage strips (or wires), D is the distance between the
anode and cathode, and y is the distance between field cage strips and cathode. The dielectric
constant of LXe is set to 1.95 (22). A grounded box surrounds the chamber as well,

representing the cryostat of the prototype.

Figure 8 Elements in the sector: (1) APD (2) Cathode (3)Anode (4) Field cage

The geometry building and potential setting were done in the Modeller program of Opera

3D. The 3-dimensional model in Opera 3D is shown in Figure 9. These elements were all

16



immersed in LXe. The specifications of this model are outlined in the Table 3. The spacing

of the electrodes is shown in Appendix A.

Anode Plane

"

z _ =
¢ -~ Field Cage
T -
Cathode Plane

Figure 9 3 dimenstional model in Opera 3D, which consists a cathode (bottom), field cage strips

around the chamber, and an anode (top).
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Specifications in Opera 3D simulation model

Distance between Cathode and Anode 113.1mm

Cathode Width and Length 52mm * 120mm
Cathode Thickness 0.005mm

Anode Width and Length 110mm * 120mm
Anode Thickness 0.005mm
Field Cage Wire Diameter 0.005mm

Field Cage Wire Length Varies with distance to the cathode
Field Cage Strips Width and Length 1mm *120mm

Field Cage Strips thickness 0.002mm

Table 3 Specifications in Opera 3D simulation model.

After the sector model was built, the electric field analysis was done in the Post-Processor
program of Opera 3D. The focus of this analysis is to determine the uniformity in the electric
field in terms of its directionality and magnitude (31). The directionality of electric field will
be investigated by how much the field lines deviate from ideal straight lines connecting the
cathode and anode, which determines how far ionization electrons may deviate in the X-Y
direction. The deviations in magnitude of the electric field component parallel to the drift

axis determine how far an ionized electron may deviate along Z, the axis of drift.

2.2 Uniformity of Electric Field Magnitude
The magnitude of the component of the electric field parallel to the drift axis in the center
plane of the detector is plotted in Figure 10. This indicates the effect that the electric field

will have in altering an electron’s drift. Most areas of the electric field are uniform with a
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magnitude of 1770 V/cm at the center of the chamber. Irregularity increases towards the field
cage, and the corner between the cathode and the first field cage strip and wire. Severe
deformations in the electric field strength exist around the joint at the bottom. Here the
electric field differs by approximately 1 kV/cm within a distance of 1 cm. This is not the
characteristic of the entire chamber though, as the great majority of the electric field sites
differ by less than 10 V/cm, approximately 0.5% of the field strength. The voltage on the

same plane is plotted in Figure 11.
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Figure 10 Component of the electric field parallel to the drift axis at the center of the chamber. Most of

the area is uniform with magnitude of 1770 V/cm.
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Figure 11 Voltage increased linearly with the distance to the cathode.

2.3 Uniformity of Electric Field Directionality

To investigate the directionality of the electric field, electrons were started from different
starting points inside the sector to see how much they deviated when drifting towards to the
anode plane. In Figure 12, the drifting electrons are shown as solid lines, which are actually a

series of points with the step length of 0.1 mm, following the electric field lines.
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Figure 12 Drifting electrons are shown as solid lines, representing the direction of electric field

lines.

A plot of the deviations along the X- axis of the field lines starting from the cathode
towards to the anode is shown in Figure 13. It can be seen from this plot that the maximum
deviation of any field line is less than 1 mm for nearly the entire plane. A small region, where
field lines may deviate by more than 1mm, up to 3.8 mm, is between 22 mm and 24 mm from
the center. This region is relatively small, comprising 7.7% of the horizontal axis. Electrons,
which started in the region from 25 mm to 26 mm, drifted outside of the chamber. This

region comprised 3.8% of the horizontal axis.
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Figure 13 Deviation along x axis. Electrons started from the cathode plane.

Inside of the detector, the volume where electrons cannot reach the anode is called the
dead space. No electrons ionized in this area will reach the anode, so no charge information
can be used to reconstruct the positions of interaction from these interactions. The proportion
of the dead space inside of the detector is a critical number for evaluating the charge
collection performance of the detector. The volume, where the deviation of electron drifting
is less than 1mm from the normal position, is called good volume. For the volume where the
deviation is more than 1mm and is not dead space, calibration for the reconstruction of the
positions of interaction is needed. In order to find the dead space and the good volume of the
whole detector, 12 X-Z planes at different positions along Y-axis in the detector were

sampled. On one single sampling plane, around 9000 electrons started at every Imm*1mm
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pixel, drift towards anode plane for calculating the deviation in the trapezoidal plane. In
Figure 14, deviation contours of sampling planes at three different Y position are shown. The
color scale represents the magnitude of the deviation at each pixel in this plane. Dead area in
this plot was removed in this contour for better visualization. The region of dead space
constitutes 3% of the total volume in this detector. The area where the deviation of drifting
line is less than 1mm is for nearly the entire chamber, which constitutes 92% of the total

volume. The deviations of each drifting electron were saved in text files for calibration.
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Figure 14 Deviation contour of the sampling planes at Y=0 mm, Y=30mm, Y =55 mm (from top to

bottom).



Chapter 3: lonization Signal Simulation

One of the great advantages of LXe PET is its capability to take advantage of two types of
information: scintillation light and ionization electrons, rather than the only scintillation
information in conventional PET. The ionization electrons are measured with the TPC. By
measuring the signals from the readout of the anode module in the TPC, we can get the 3D
position information of the interaction events and also the energy information. Aiming to get
better understanding about the measured signals in the prototype we built, ionization signals
generated by 511keV vy ray in the LXe PET detector were simulated with Garfield (32) and
further analysis was completed in Matlab (33). The comparison of the simulated signals and

measured signals was made.
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3.1 lonization Signal in Time Projection Chamber

The anode module in TPC consists of a Frisch grid (29), induction wires and anode, which is
shown in Figure 15. The Frisch shielding grid is a mesh, consisting of 0.03 mm dia. mesh
wires spaced by 0.5 mm. The Frisch grid is placed between the cathode and the anode to
shield the induction region from the electrons drifting in the grid-cathode region, and allows
the current signal to be induced only after the electrons have crossed the grid. Since an
electron induces a charge on the induction wires and the anode only after it passes the grid,
all the electrons drift the same distance. Therefore the amplitudes of induced current pulses
on the electrodes do not depend on the depth of the interaction, and it is only proportional to
the total number of electron-ion pairs form along the trajectory of the primary ionizing
particle, which gives the energy information of the interaction event in the chamber. The
distance between the grid and induction wire plane is 1.6 mm. The induction wire plane
consists of 96 induction wires with dia. of 0.05 mm spaced by 1.2 mm, and the induction
wires are parallel with the grid wires. The anode is segmented into 96 anode strips located at
1.6 mm behind induction wire plane. Each strip has width of 1mm and thickness of 0.05 mm
with a 0.25 mm separation with each other. The anode strips are perpendicular to the
induction wires providing the second coordinate. The specifications of elements for the

Garfield simulation are listed in Table 4.

26



Anode Module

Anode Strips

Induction Wires

Frisch Grid

Figure 15 Schematic diagram of anode module.

Specifications in Anode Module

Electron Drift Length 5.2 mm
Grid Wires Diameter 0.03 mm
Grid Wires Pitch 0.5mm
Induction Wires Diameter 0.05 mm
Induction Wires Pitch 1.2 mm
Anode Strips Width 1.0 mm
Anode Strip Pitch 1.25 mm
Anode Strips Thickness 0.05 mm

Table 4 Specification of the anode module for the Garfield simulation.
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The potential settings used in this thesis are listed in Table 5. The cathode is at -8000 V.
The grid is grounded. Then, the electric field in the drift region, Eq4 is 708 V/cm. The
potentials on induction wires and anode strips are 320 V and 1280 V, respectively. The
electric field, E;, between the grid wires and the induction wires was 2000 V/cm, which was
higher than Eq4 , and the electric field between induction wire plane and anode plane, E; was
6000 V/cm, which was three times higher than E;, The increase of the electric field ensures
that the electrons pass through the grid and induction wire plane. When 511 keV vy rays
interact with the LXe medium, an ionization electron cloud is generated, and electrons in the
electron cloud drift towards the anode module and induce current signals on induction wires
and anode strips. In Figure 16, the ideal shape of a point — like electron cloud was described.
At the time t,, the point-like electron cloud passes the grid, and it starts to induce a step-like
current signal on the induction wires. The induced signal changes its polarity at the moment
when the electron cloud passes the induction wires plane. The induced signals are shared by
the two or three closet neighboring wires on the wires plane. The amplitude of the induced
signal is inversely proportional to the lateral distance from the ionized electron to the
induction wires. At time t,, when the electron cloud passes the wire plane, a step-like current
signal with step height proportional to the total charge in the cloud is induced on the anode
strips. The electron cloud is eventually collected by the anode strips at time t.. The position
of the electron cloud’s center of gravity can be determined by weighting the size of the signal
induced on those two nearest wires and one or two strips, which gives the precise X-Y
coordinates of any interaction inside the sensitive volume. The third coordinate Z is obtained

by measuring the electron drift time relative to the time of the scintillation signal.
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Potential Settings on Electrodes of Anode Module
Cathode -8000V
Grid ov
Induction Wires 320V
Anode Strips 1280V

Table 5 Potential settings on electrodes of anode module.

Induction Wire

t. t, t. t
Anode Strip
([
ta 1:I:l t-: t

Figure 16 Idealized signal pulse shapes on induction wires and anode strips.



3.2 Simulation of Induced Current Signal

Induced current signals caused by drifting electrons in the induction region were calculated
in Garfield (32), which is the most widely used tool for drift chamber simulation. It allows
calculation of electric fields, electron and ion drift lines, induced signals, electrostatic wire
displacements and many more features of drift chambers.

Garfield begins in a &MAIN section and has seven subsections. The subsections used in
this simulation were &CELL, &FIELD, &GAS, &DRIFT and &SIGNAL. &CELL is the
first stage of the simulation, in which the specifications of the model and potential setting ups
on electrodes are stored. The 3 dimensional model of the anode module in Garfield is shown
in Figure 17. The &FIELD section deals with visualization of the electric field in both the
drift region and induction region. In the &GAS section, the drift velocity was defined by a
table which is shown in Table 6. An interpolation was made to find the drift velocity for the
given electric field magnitude in the sector. The &DRIFT section was devoted to displaying
the behavior of electrons and ions in the chamber. In the & SIGNAL section, the starting

point of a single electron can be set up and the induced current on electrodes are calculated.
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Electric Field (V/cm) Drift Velocity (cm/us)
100 0.11
400 0.19

1000 0.205
2000 0.220
4000 0.240
6000 0.254
8000 0.258
10000 0.260
12000 0.262
14000 0.263

Table 6 Electric field and its corresponding electron drift velocity in LXe used for current signal

calculation in Garfield.
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Figure 17 Model of anode module in Garfield. The specifications and potential settings kept the same

with the anode module in the prototype.

When an electron starts in the drift region, the induction signals on the electrodes is in the
form of y = f (t), where y is current amplitude and t is time. The charge is assumed to follow

the calculated trajectory at a saturated speed of around 2mm/us. The drifting of electrons in
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the induction region is shown in Figure 18. It is clearly shown that the electron passed
through two wires and reached one of the anode strips on the anode plane. The current
signals induced by the single electron on the wires and strips are shown in Figure 19.
Compared to the ideal current signal shape discussed above, the simulated wire signals have
a bipolar shape with two flat peak parts, which was what we expected. However, due to the
imperfection of the shielding of the Frisch Grid, there was induced current on the wires
before the electron passed the shielding grid. And the sharp peak on the strip signals was due
to the nonuniformity of the electric field near the surface of anode strips. The drift time of the
electron in the induction region can be estimated by the difference of the starting time and the
ending time of the anode strip signal, which was about 1.5 us. Because the drift velocity was
around 2.2 mm/ ps and the distance between the grid and anode strips is 3.2 mm. The drifting
time was as expected. The charges induced on wires and strips were both equal to 1.6 x<10

19C (the charge of one single electron).

-

re 1

Figure 18 Drifting electron in Garfield simulation model. The solid orange line represents the

drifting of the electron.
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Figure 19 Current signals of single electron on anode strip and induction wires.

3.3 Simulation of Electron Cloud Signal
In Garfield, the current signals induced by a single electron were calculated. However, when
a 511 keV vy photon interacts with the LXe detection medium, an electron cloud forms rather
than a single electron. Therefore, an electron cloud model was developed for the electron
cloud signal simulation. An effective and practical description of the electron cloud left by
the 511 keV vy photon interaction can be provided by a uniform distribution of electrons
liberated by the primary electron along an electron track (34).

The model of the electron track was developed based on some basic concepts. In this
model, the length of the electron track was estimated by a close approximation to the average
path length traveled by a charged particle as it slows down to rest, which is called the CSDA

range (35). The electron track length was calculated by following equation:
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The CSDA range of 511 keV electrons in LXe
Density of LXe

Electron track length =

For electrons of 511keV kinetic energy, the CSDA range is 0.3012 g/cm? (36). The density of
LXe is 3 g/cm®. Therefore, the electron track length is roughly 1Imm. The orientation of the

track is determined by two angles 6 and ¢, which are described in Figure 20.

&3

KN
/

Figure 20 Electron cloud model showing the drift and induction region.

0 is the angle between the track and the drift direction. ¢ is the angle between x axis and
the track’s projection on x-y plane. Actually, 6 is the angle between the photoelectron and the
direction of the incident photon. According to the differential cross section per unit solid

angle of photon-absorption for un-polarized photons (37):
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do(E,8)  (sin0)?
dQ  (1- B(E)-cosf)*

[2+D(E) - (1-B(E)) -cosB)]

where E is photon energy. y (E) and B(E) are electron parameters calculated by:

E
E)= 1+ — and,
v(E) T11

1
= |1—
B(E) / 7

D(E) = v(E)-(v(E)-1)-(v(E)-2)

Then, for 511keV v rays, the normalized angular distribution of photoelectrons can be

D(E) can be calculated by (37):

calculated, as shown in Figure 21. From the calculation, the photoelectrons created by 511
keV vy rays have the largest emission probability at 20 degrees. The angle ¢ is uniformly

distributed between 0 and 2.
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Figure 21 Angular distribution of photoelectrons of 511 keV v ray interactions with Liquid

Xenon.

The number of electrons along the electron track was estimated by the average energy for

creating an ion-electron pair in LXe:

Where E, is the energy of the y ray which is deposited in LXe. W is the average energy to
produce an electron ion-pair, which is 15.6 eV. So for 511 keV v rays, 32000 ionization
electrons are generated in the LXe detection medium if the energy of the y ray is absorbed

totally. The 3D starting position of a certain electron along this track can be known as:

x=1-sin 0 -sin @
y=1-sin0-cos ¢
z=1-cos 0
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Here X axis is parallel to the induction wires, while Y axis is parallel to anode strips. Z axis
is along the drift direction. | is the position of the electron along the electron track, which is
uniformly distributed between (-L/2, +L/2). L is the electron track length.

When electrons drift under the applied electric field in the TPC, the electron track diffuses
to an electron blob. The spread of the electron blob due to diffusion during the drifting
process in the drift region is determined by the transverse diffusion coefficient and drift time.

The transverse spread of an electron blob, oy, drifting over a drift time, tq, is given by (38):

GDT = 1/DTtd
where D+ is the transverse diffusion coefficient and tq is drift time. The arrival position of an
electron when it reaches the induction region is distributed according to a Gaussian

distribution with standard deviation of op,,.. The electron diffusion coefficient depends on

electric field, both in magnitude and direction. The transverse diffusion coefficient, Dt is
much larger than the longitudinal diffusion coefficient, D, in the drift direction. Therefore,
the diffusion along the drift direction was ignored in this simulation. A number of papers
have reported the experimental results of the transverse diffusion coefficient (39) (40). In
(40), the reported transverse diffusion coefficient, D, was 34cm?/s at the electric field of
1kV/cm, and measured with a similar experimental set-up with our lab in 2011. A typical

electron blob in this simulation is shown in Figure 22.
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Figure 22 Projection of a typical simulated electron blob on X-Y plane arriving at the anode
module. The green track is the original electron track. The center of the electron track is in the middle of
one strip and two wires. The diffusion coefficient here is 34cm?/s. The drift time is 23 ps. The size of the

blob was compared to the spacing of wires and the size of the strips.

During the drifting, not all electrons can reach the anode module as collected charges due
to electron recombination. The number of electrons which get recombined with positive ions
also depends on magnitude of the electric field applied in the drift region. Larger electric
field magnitude causes fewer electrons to get recombined. If there is no electric field applied
between the cathode and anode in the chamber, 100% of the electrons will recombine with
positive ions. The number of electrons which can reach the anode module can be calculated
from (29):

_ (1-FrE,

Q- =
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Where Fr* is the electron- ion recOombination fraction. At 1 keV/cm electric field, Fr* is
0.29, according to the measurement conducted in 2009 in our lab (41). Around 23000
electrons reached the anode module for a 511keV y ray event considering the electrons
recombination.

The arriving positions of each electron were simulated and recorded in Matlab (33). The
position coordinates can be used as the input information for the calculation of induced
signals in Garfield. In order to simulate signals induced by the electron blob, the current
signal induced by each single electron in this blob needs to be calculated. However, if we
calculate the current signal for each electron one by one, it is inefficient and time-consuming.
So an algorithm based on a signal map was developed for fast simulation of the induced
current signal of the electron blob. Basically, the signal map consists of the signals induced
by 100 electrons, which were uniformly distributed in a small area (0.6125 mm * 0.6 mm) on
the X-Y plane of anode module. The area was painted in pink in Figure 23. According to the
arriving positions of a given electron in that electron blob, its induced current signals were
selected from the signal map, which was created by the nearest sampling electron. The sum
of the signals induced by all electrons in the electron blob was calculated as the signals of the
electron blob. We can expand the sampling area as large as it needed to cover the spread of

the electron blob based on the symmetry property of the anode module.
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Figure 23 The pink area 1 was sampled by 100 uniformly distributed electrons to generate a signal

map. And this area can be symmetrically expanded to area 2, 3, and 4.

In the sector prototype, the current signals induced by electron clouds were amplified by a
charge sensitive amplifier. In order to compare the simulated signals to measured signals, the
simulated current signal needs to be amplified based on the transfer functions of amplifier
connected with the readout in the prototype. The schematic diagram of the circuit and
amplifier is described in Figure 24. In order to simulate the correct amplified amplitude of
signals, a square voltage pulse with height of 0.3mV was sent into the ‘Calin’ port for
measuring the transfer function of the amplifier. The capacitance of the calibration capacitor
C.is 1.6 pf with 1ns time constant. The voltage pulse caused 0.48 fC charge in the Capacitor
C. and a narrow current pulse with time constant of 1ns generated by the discharging of C.
was sent to the amplifier, and the transfer function of amplifier was the output measured at
‘Outport’. Then another voltage pulse with height of 0.1mV was sent to the anode board via

the “Sigln’ port. The capacitor C, stands for the capacitance of the anode board, which was
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unknown. The current caused by C, discharge went though the transmission cable between
the detector and amplifier and then was sent in to the amplifier. The transfer function
measured in this way represented the correct shape of the amplified signals because it took

into account the effect from the transmission line ( permeability of 2.5 nH/m) on the signals.

detector

Figure 24 Amplification circuit connected with the detector.

Then the transfer function of the amplifier and the one measured from the anode board are

shown in Figure 25.
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Figure 25 Red line describes the transfer function of the amplifier. The amplification factor was 63.5
mV/fc. The blue line shows that test pulse was sent to the anode board representing the transfer function

for simulating the shape of the signals.

The amplified simulated signals of a typical electron cloud generated by 511 keV vy ray are
simulated. On the left of Figure 26, the center of the simulated electron cloud was shown as
the black spot which is exactly between two wires and in the center of one strip. The dotted
blue line describes an approximate boundary of the spread of the electron cloud on the X-Y
plane. The drift time was 23 ps, and the drift coefficient was 34cm?/s. There were 23372
electrons in the electron cloud. 171 electron clouds were simulated, based on the angular

distribution of photoelectrons. The average cloud signal is shown on the right of Figure 26.
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Figure 26 Amplified signals for a typical electron cloud generated by a 511keV v ray.

3.4  Signal Comparison

3.4.1  Comparison to Template

Firstly, a simulated strip signal was compared to a template, which was the average of
measured strip signals. The template represents the standard shape of strip signals with
suppressed noise. The comparison result is shown in Figure 27. Since the focus of this
comparison was the shape of simulated signals, the amplitude of the simulated strip signal
was normalized with the template. From the comparison result, the simulated signal rises
earlier than measured signals. This is because in simulation, the shielding grid was made of
only one layer of mesh wires; while in the TPC prototype, the shielding gird consists of two

layers of mesh wires which were perpendicular with each other, providing better shielding
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effect from drifting electrons in the drift region. In addition, the shielding effect of the
induction wire plane is not perfect. The early signal on the strip is maximum when the
electrons are exactly in between two wires and it is minimum when they arrive immediately
above the wires. Therefore, strip signals generated at different positions along Y- axis were
averaged for comparing with the template. Except the starting part of the signal, the shape of

the simulated strip signal shows very good agreement with the template.

Comparison to Template
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]
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Figure 27 Comparison result between simulated strip signal and template. The part in side of the
dotted circle shows the early signal of the simulated signal. On the left, it shows the sampling positions

along Y -axis.
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3.4.2 Comparison to Signal of Example Event

3.4.2.1 Example Event

The comparison between the simulated signals and measured signals is made in this section.
The signals from the detector prototype were measured on July 22, 2011. The experimental
set-up consisted of the LXe detector, a ?Na point source and a BriLanCe detector, which are
shown in Figure 28. *Na is a positron-emitting isotope with a long half-life (2.6 years),
which is commonly used as an external point-source for PET research. In this measurement,
the #Na source was taped in the center of the window of the cryostat which houses the
detector. Two 511 keV back-to-back y-rays can trigger the chamber in coincidence with the
BriLance detector at the opposite side. The signals from the detector were sent to the
amplifier, then to waveform digitizer VF48 modules (29). The sampling rate was set to 15
MHz. The APD signals were sent to a current sensitive preamplifier and to a VF48 digitizer
module. The sampling rate was set to 60 MHz. The potential settings were the same as the
settings in the simulation. The high voltage on the anode strips was 1280 V, and on the
induction wires it was 320 V. The Frisch grid was grounded. The cathode was biased at -

8000 kV.
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Figure 28 Experimental Set-up for measuring the signals induced by the electron cloud generated

by 511 keV y ray.

An example measured event is shown in Figure 29. In this event, induced current signals
were on wire_54, wire_58 and strip_26. The numbering system of wires and strips depended
on the channel number in the data acquisition system, rather than their physical positions in
the detector. So wiress and wiresg were in fact physically neighboring wires. The typical
effective noise was about 4 ADC counts which was the measured fluctuation without signal.

The major contribution to the noise was the electronic noise from the front-end electronics.
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Figure 29 Signals on induction wires and anode strips in Run 43749 Event 28. The black line shows the
anode strip signal on strip_36, and the blue and red lines show the induction wire signals on wire_54 and

wire_58 individually.

Based on the amplitude on wires and strips, the weighting position of the electron cloud
was determined on the X-Y plane. The spacing of strips and wires defined the scale of the
coordinate system. Origin point, and positions of strips and wires are described in Figure 31.
Since there was only one strip induced by the electron cloud, then the center of the cloud was
assumed be in the center of strip_36. Then the weighting position of the center between
wires, and wiresg was estimated by following equation:

Amp_wire s4-Ps4 + Amp_wire sg-Psg

Weighting Y position of electron blob = - -
Amp_wire 54 +Amp_wire sg

Where amp_wires, and amp_wiresg are the amplitudes of signals on wire_54 and wire 58,

Psg and Ps4 are their positions on the Y axis. Therefore, the weighting position of the center of

47



gravity of the electron lob was (-0.6125, 0.1199), which was shown as a black spot in Figure

30.

Strip36 ¢ Y
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Figure 30 The gravity center of the electron cloud of the example event on X-Y plane.

Drift time, tqir, was measured by the difference of peak times of signals on the strip and
APDs:
taritt = tswip - tarD
where tgip IS the time of the peak in the strip, and tapp is the peak time of the APD. For this
event, the measured drift time tqrir; is 22.7 ns.
Simulated electron cloud signals with the same drift time and weighting position of gravity
center on the X-Y plane are shown in Figure 31. The signal was averaged from signals of 175

electron clouds, which were generated based on the angular disctribution of 511 keV
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photoelectrons. Each cloud include 23372 electrons. Then this average signal was compared

to a template and also to the measured signal of the example event.
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Figure 31 Simulated electron cloud signals of Run43498 Event 28.

3.4.2.2 Signal Comparison

Then the simulated signal was compared to the signal of the example event, as it is shown in
Figure 33. Since the attenuation of the electron cloud due to electron attachment was not
taken into account in this simulation, the simulated strip signal was normalized with the
measured strip signal. And the simulated wire signals were normalized with the same

normalization factor. After normalization, the simulated wire signals were smaller than
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measured wire signals in amplitude by 14.0% and 10.6%, respectively. Considering the noise

level was about 4 ADC ch, which is 9.7% and 12.0% of the wires’ amplitude, the results

were comparable. Also the time difference of the negative peak and positive peak in the

bipolar signals was comparable for the simulated signals and measured ones.

Simulation
Measurement
(w/o Normalization) | (w/ Normalization) (ADC CH)
(ADC CH) (ADC CH)
strip_36 126.0 76.0 76.0
wire_54 61.8 38.7 45.0
wire_58 47.8 29.5 33.0

Table 7 Amplitudes of simulated and measured signals.
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Figure 32 Comparison results between simulated results and measured results for Run437489

Event28. The simulated strip signal was normalized with the measured one. And simulated wire signals

were normalized with the same normalization factor.
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Chapter 4: Conclusion

A Liquid Xenon PET detector for use in a high resolution micro-PET system is currently
under development. Calculation of the electric field and simulation of ionization signals can
provide a better understanding of the detector. Finite Element Analysis of the electric field in
single sectors of the prototype showed good uniformity and a deviation map of the whole
volume was determined for further calibration purposed. The calculation was performed with
a script (comi.file), which can be easily modified for calculation of detectors with different
geometries. How much the deviation map can improve the position reconstruction of the
interaction point is also interesting for further study.

The simulation of the signals measured from the LXe detector prototype was made. The
simulation results were in good qualitative agreement with the measurement signals. This
method was found to be promising to provide a framework to simulate the ionization signals
in the LXe PET detector. However, the simulation model could not fully represent the reality
and needs improvements in the future. Firstly, a straight trajectory of the primary
photoelectron and secondary ionized electron uniformly distributed along the electron track
was assumed. As a matter of fact, the trajectory is not a straight line due to scattering, and
also the largest part of the energy of the primary photoelectron is deposited at the end of the
track rather than uniformly distributed along the trajectory. Moreover, the attenuation of the
electron cloud due to electron attachment during the drift was not taken into account.

Therefore, future work is required for improving this method.
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Appendix A Spacing of the electrodes of the model in Opera 3D
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Figure 33 The spacing of the 64 field cage wires, the cathode and the anode in the planes of the APDs.
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Figure 34 The spacing of the 64 field cage strips, the cathode and the anode on the faces of the sector

perpendicular to the APDs.
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